We consider theories where the dark matter particle carries flavor quantum numbers, and has renormalizable contact interactions with the Standard Model fields. The phenomenology of this scenario depends sensitively on whether dark matter carries lepton flavor, quark flavor or its own internal flavor quantum numbers. We show that each of these possibilities is associated with a characteristic type of vertex, has different implications for direct detection experiments and gives rise to distinct collider signatures. We find that the region of parameter space where dark matter has the right abundance to be a thermal relic is in general within reach of current direct detection experiments. We focus on a class of models where dark matter carries tau flavor, and show that the collider signals of these models include events with four or more isolated leptons and missing energy. A full simulation of the signal and backgrounds, including detector effects, shows that in a significant part of parameter space these theories can be discovered above Standard Model backgrounds at the Large Hadron Collider. We also study the extent to which flavor and charge correlations among the final state leptons allows models of this type to be distinguished from theories where dark matter couples to leptons but does not carry flavor.
I. INTRODUCTION
It is now well established that about 80% of the matter in the universe is in fact dark matter, rather than visible matter [1] . However, the masses and interactions of the particles of which dark matter is composed are not known. One simple and well-motivated possibility is that dark matter is made up of particles with masses close to the weak scale that have weak scale annihilation cross section to Standard Model (SM) particles. Dark matter candidates with these properties neatly fit into the 'Weakly Interacting Massive Particle' (WIMP) paradigm, and therefore naturally tend to have the right relic abundance to explain observations. The matter fields (Q, U c , D c , L, E c ) of the SM each come in three copies, or flavors, that differ only in their masses. This reflects the fact that the Lagrangian of the SM possesses an approximate U (3) 5 flavor symmetry acting on the matter fields, which is explicitly broken by the Yukawa couplings that generate the quark and lepton masses. An interesting possibility is that the dark matter field, which we label by χ, also carries flavor quantum numbers, with the physical dark matter particle being the lightest of three copies. Several specific dark matter candidates of this type have been studied extensively in the literature, including sneutrino dark matter [2] [3] [4] [5] [6] [7] in the Minimal Supersymmetric Standard Model (MSSM), and Kaluza-Klein (KK) neutrino dark matter [8] in extra dimensional models. Recent papers on flavored dark matter include [9] [10] [11] , (see also [12, 13] ).
In this paper we first consider the general properties of theories where dark matter carries flavor quantum numbers and has renormalizable contact interactions with the SM fields, and study their implications for direct detection and collider experiments. We then focus on a specific class of models where dark matter carries tau flavor, and perform a careful detector level study of its prospects for discovery at the Large Hadron Collider (LHC).
To incorporate three flavors of the dark matter field, the flavor symmetry of the SM is extended from U (3) 5 to U (3) 5 × U(3) χ , if χ is a complex field such as a complex scalar, Dirac fermion or complex vector boson. If instead χ is a real field, such as a real scalar, Majorana fermion or real vector boson the flavor symmetry is extended from U (3) 5 to U(3) 5 × O(3) χ . The new flavor symmetry U(3) χ (or O(3) χ ) may be exact, or it may be explicitly broken as in the SM.
Our focus in this paper will be on theories where dark matter has renormalizable contact interactions with the SM fields. Consider first the case where these contact interactions include couplings to the SM matter fields. These must be of the form shown in Fig. 1(a) . If the dark matter flavor symmetry is to be exact, the field φ that mediates this interaction must transform under U(3) χ (or O(3) χ ). If this vertex is to respect the SM flavor symmetry, φ must also transform under the SM flavor group. In such a scenario, the different flavor states in the dark matter multiplet are degenerate, and the observed dark matter in the universe will in general consist of all three flavors.
Alternatively, this contact interaction, in analogy with the SM Yukawa couplings, could represent an explicit breaking of the flavor symmetry. It is this scenario that we will be primarily concerned with in this paper. In this case the simplest possibility is that the mediator φ is a singlet under both the SM and the dark matter flavor groups. Then, if the SM matter field that χ couples to is a lepton, there is an association between the different dark matter flavors and lepton flavors. Accordingly, we refer to this scenario as 'lepton flavored dark matter'. Similarly, we label the corresponding case where χ couples to a quark as 'quark flavored dark matter'. In this scenario the fact that the SM flavor symmetries are not exact naturally results in a splitting of the states in the dark matter multiplet, the physical dark matter particle being identified with the lightest. A different class of theories involves models of flavored dark matter where direct couplings between χ and the SM matter fields at the renormalizable level are absent. Instead, the contact interactions of χ with SM fields are either with the W and Z gauge bosons, or with the Higgs, and can naturally preserve both the SM flavor symmetries and the dark matter flavor symmetry. The general form of such vertices is shown in Fig. 1(b) . Closely related to this are theories with interactions of the exactly same form, but where dark matter instead couples to a new scalar φ or vector boson Z ′ , which then acts as a mediator between the SM fermions and the dark sector. In such a framework, dark matter is in general not associated with either quark or lepton flavor. We therefore refer to this scenario as 'internal flavored dark matter'.
Since the characteristic vertices of lepton flavored, quark flavored and internal flavored dark matter are distinct, their implications for phenomenology are very different. In the next section we consider each of these classes of theories in turn, and study their collider signals, as well as their implications for direct detection and flavor physics. We then focus on a specific model of tau flavored dark matter and show that its collider signals include events with four or more isolated leptons and missing energy that can allow these theories to be discovered at the LHC above SM backgrounds. We also study the extent to which flavor and charge correlations among the final state leptons allows models of this type to be distinguished from more conventional theories where the dark matter particle couples to leptons but does not carry flavor, such as neutralino dark matter in the MSSM.
II. FLAVORED DARK MATTER

A. Lepton Flavored Dark Matter
We first consider the case where dark matter carries lepton flavor. The lepton sector of the SM has a U(3) L × U(3) E flavor symmetry, where U(3) L acts on the SU(2) doublet leptons and U(3) E on the singlets. This symmetry is explicitly broken down to U (1) 3 by the Yukawa interactions that give the charged leptons their masses. (We neglect the tiny neutrino masses, which also break the symmetry). The characteristic vertex of lepton flavored dark matter involves contact interactions between χ and the SM leptons of the form shown in the Fig. 1(a) . The corresponding terms in the Lagrangian take the schematic form
if dark matter couples to the SU(2) doublet leptons L of the SM or alternatively,
if dark matter couples to the SU(2) singlet leptons E c . Here A is a U(3) L flavor index while i is a U(3) E flavor index and α is a U(3) χ flavor index. There may also be additional interactions between the dark matter fields and the SM of the form shown in Fig. 1(b) , in particular when χ transforms under the SU(2) gauge interactions of the SM.
The particle φ that mediates dark matter interactions with the charged leptons is necessarily electrically charged. If χ is a fermion then φ must be a boson and vice versa. Any symmetry that keeps χ stable will carry over to φ, and so φ cannot decay entirely into SM states, except perhaps on cosmological timescales if the symmetry is not exact but very weakly broken. The same symmetry ensures that lepton flavor violating processes involving the dark matter field, such as µ → eγ, only arise at loop level through diagrams such as the one shown in a Dirac fermion and φ to be a complex scalar, and restrict our focus to the case where χ couples to the SU(2) singlet lepton field E c , as in Eq. 2. The generalization to the other cases is straightforward, and is left for future work.
Flavor Structure
In general the matrix λ will contain both diagonal and off-diagonal elements, thereby giving rise to lepton flavor violation. The experimental bounds on such processes are satisfied if all the elements in λ < ∼ 10 −3 for m φ ∼ 200 GeV, even in the absence of any special flavor structure. In spite of these small couplings such a theory can still lead to interesting collider signals, since φ can be pair produced through SM gauge interactions, and will emit charged leptons as it decays down to the dark matter particle. Unfortunately, however, couplings of this size are by themselves too small to generate the correct abundance for χ, if it is to be a thermal relic. This is not necessarily a problem if χ transforms under the SU(2) gauge interactions of the SM, or more generally if the theory has additional vertices of the form shown in Fig. 1(b) , since these other couplings can play a role in determining the relic abundance. However, if χ is a SM singlet and has no sizable couplings beyond those in Eq. 2, the elements in λ must be of order unity to generate the observed amount of dark matter, and aligned with the lepton Yukawa couplings to avoid flavor bounds.
The matrix λ can naturally be aligned with the SM Yukawa couplings if this interaction preserves a larger subgroup of the SM flavor group than just overall lepton number. For example, if we identify the three flavors of dark matter with the electron, muon and tau flavors in the SM, alignment is obtained if λ, and the dark matter mass matrix, respects the U(1) 3 symmetry of lepton sector of the SM. In other words, the U(3) χ × U(3)
2 symmetry is explicitly broken by λ, and by the SM Yukawa couplings, down to the diagonal U (1) 3 . This larger symmetry forbids lepton flavor violating processes.
A more restrictive possibility is that the only source of flavor violation in the theory is the SM Yukawa matrix, which then constrains the coupling matrix λ to be consistent with minimal flavor violation (MFV) [14] . In this scenario, the dark matter flavor symmetry U(3) χ is identified with either U(3) E or U(3) L of the SM, and the matrix λ respects these symmetries up to effects arising from the SM Yukawa couplings.
If we write the lepton Yukawa couplings of the SM as
then the Yukawa matrix y A i can be thought of as a spurion transforming as (3, 3) 
Consider first the case where U(3) χ is identified with U(3) E . Then
If the theory respects MFV the matrix λ is restricted to be of the form
Here α and β are constants, and we are keeping only the first non-trivial term in an expansion in powers of the SM Yukawa couplings. We write the dark matter mass term schematically as
In this case MFV restricts m χ to have the form
where m 0 and ∆m are constants. Since the SM Yukawa couplings are small, the various dark matter flavors have small splittings and couple in a flavor diagonal way with approximately equal strength to leptons of the SM. Either the tau flavored or the electron flavored state will be the lightest, depending on the sign of ∆m. We now turn to the case where U(3) χ is identified with U(3) L . Then
MFV restricts the matrix λ to be of the form
where again we are working only to the leading nontrivial order in an expansion in the SM Yukawa couplings. The dark matter mass term now takes the form
We see that in this case the three dark matter flavors are again close in mass, but their couplings to the SM fields, though still flavor-diagonal, are now hierarchical. In particular, if the relic abundance is determined by λ, we expect that only the tau flavor can constitute dark matter, since the couplings of the other flavors are relatively small. In the two Higgs doublet extension of the SM where one doublet gives mass to the up-type quarks, and the other to the down-type quarks and leptons, the coupling matrix λ and the dark matter mass matrix are constrained by MFV to be of the same form as in the SM. Therefore the formulas above continue to apply. However, since the lepton Yukawa couplings can be significantly larger in two Higgs doublet models, the tau flavored dark matter state may be somewhat split from the electron and muon flavored states, which remain nearly degenerate.
Relic Abundance
If χ is a thermal WIMP, its relic abundance is set by its annihilation rate to SM fields. If χ is a SM singlet, and its only interactions are those of Eq. 2, then the primary annihilation mode is through t-channel φ exchange to two leptons. In the relevant parameter space, the matrix λ is constrained by flavor bounds to be very nearly flavor diagonal, so that lightest state in the dark matter multiplet is associated with a specific lepton flavor. We assume that the splittings between the different states in this multiplet are large enough so that only the lightest state is stable on cosmological timescales, and constitutes all of dark mater.
The relevant terms in the Lagrangian, written schematically in 4-component Dirac notation, take the form
Here χ represents the physical dark matter state and l the corresponding lepton. We have suppressed flavor indices since the matrix λ is constrained to be nearly diagonal in the relevant region of parameter space. Since the dark matter particle is non-relativistic at freeze-out, annihilation is dominated by the lowest partial wave. In this limit
where we have assumed that m χ ≫ m ℓ , so that the masses of the final state leptons can be neglected. If χ is also charged under the SM SU(2) gauge interactions then new annihilation channels open up. Dark matter can annihilate into two W 's, two Z's, and also into SM fermions through through s-channel Z exchange. We leave a study of this for future work.
Direct Detection
The direct detection signals of this class of theories depend on whether the dark matter particle χ transforms non-trivially under the SM SU(2) gauge symmetry, or remains a SM singlet. If χ is a SM singlet, the leading contribution to dark matter scattering off a nucleus arises from the loop diagrams involving leptons shown in Fig.  3 .
In the region of parameter space of interest to current direct detection experiments, bounds on lepton flavor violating processes constrain the coupling matrix λ to be flavor diagonal. Therefore the dark matter candidate carries the flavor of the lepton it couples to. In this limit the relevant terms in the Lagrangian are again those shown in Eq. 11. As explained in Appendix A, this coupling gives rise to three distinct types of interactions between dark matter and the nucleus, specifically a charge-charge coupling, a dipole-charge coupling, and a dipole-dipole coupling.
The differential cross section for the charge-charge cross section is given by the expression,
where m N is the mass of the nucleus, v is the velocity of the dark matter particle and E r is the recoil energy of the nucleus. Note that this is a spin-independent interaction, and hence is enhanced by Z, the total charge of the nucleus. The form factor F (E r ) appearing here is the charge form factor of the nucleus. It has been measured explicitly to be in good agreement with the Helm form factor [16] . The coefficient b p is defined as
Here m ℓ is the mass of the lepton in the loop, which has the same flavor as the dark matter particle. The leading logarithmic part of this expression was calculated in [17] . In the case of electron flavored dark matter, the mass of the lepton m ℓ in Eq. 14 must be replaced by the momentum transfer | k| in the process, which we take to be 10 MeV as a reference value. [15] data. The green dashed curves signify the parameters for which we obtain correct relic abundance.
The magnetic dipole moment of the dark matter can also couple to the electric charge of the nucleus. This interaction is also spin-independent. (15) Finally, the dark matter can couple to the nuclear magnetic dipole moment via a dipole-dipole coupling. This interaction is spin-dependent, and therefore does not get an enhancement for large nuclei. It takes the form
where S nuc is the spin of the nucleus, µ nuc is its magnetic dipole moment, and F D (E r ) is the dipole moment form factor for the nucleus. There are currently no explicit measurements of the magnetic dipole form factor. A discussion of various form factors and an approximate calculation can be found in [18] (and references therein). The magnetic dipole moment of the dark matter particle µ χ is related to the model parameters by
Note that there is also a potential charge-dipole contribution to the cross section, where the dark matter vector bilinear couples to the magnetic dipole moment of the nucleus, but this interaction is suppressed by additional powers of momentum transfer. The dipole-charge interaction is sub-dominant to the charge-charge interaction. The dipole-dipole coupling, being spin-dependent, is also sub-dominant. Consequently, we use the charge-charge cross section for placing limits. Then,
Here σ 0 is the cross section at zero-momentum transfer, and µ is the reduced mass of the dark matter-nucleus system. The ratio λ/m φ corresponding to a thermal WIMP is plotted in Fig. 4 as a function of the dark matter mass, for the tau flavored and electron flavored cases. The current limits from the Xenon100 experiment [15] are also shown. It is clear from the figure that the expected improvement in sensitivity of the experiment by an order of magnitude will bring a large part of the parameter space of these models within reach.
If χ does transform under SU(2), we expect that the leading contribution to the cross section for dark matter scattering off a nucleus will arise from tree-level exchange of the SM Z, provided χ carries non-zero hypercharge. If χ arises from a representation which does not transform under hypercharge, then it does not couple directly to the Z, and so this effect does not arise. In this scenario, loop diagrams involving W bosons generate a contribution to the cross section [19] that must be compared against the contribution from the lepton loop above in order to determine the leading effect.
Collider Signals
What are the characteristic collider signals associated with this class of theories? For concreteness, we limit ourselves to the case where χ does not transform under the SM SU(2) gauge interactions, and is a SM singlet. Then the mediator φ also does not transform under the SU(2) gauge symmetry.
We focus on the scenario where dark matter couples flavor diagonally, and where the electron and muon flavored states in the dark matter multiplet are highly degenerate, as would be expected from MFV. In such a framework, the charged leptons that result from the decay of a muon flavored state to an electron flavored one (or vice versa) are extremely soft, and would be challenging to detect in an LHC environment. For the purposes of the following discussion, we will assume that these leptons are not detected. However, the splitting between a tau flavored state and an electron or muon flavored one is assumed to be large enough that the corresponding leptons can indeed be detected.
The mediators φ can be pair-produced in colliders through an off-shell photon or Z. Each φ can then either decay directly to the dark matter particle, or decay to one of the heavier particles in the dark matter multiplet which then cascades down to the dark matter particle. Then, if the dark matter particle carries tau flavor, the decay of each φ results in either a single tau, or in two charged electrons or muons and a tau. Each event is therefore associated with exactly two taus, up to four additional charged leptons, and missing energy. These event topologies are shown in Fig. 5 . If, on the other hand, the dark matter particle carries electron flavor, the decay of each φ will result in either a solitary electron or muon, or in two taus and an electron or muon. We therefore expect two electrons, two muons or an electron and a muon in each event, along with missing energy and up to four taus.
B. Quark Flavored Dark Matter
Let us now consider the case where dark matter carries quantum numbers under quark flavor. The quark sector of the SM has a U(3) Q × U(3) U × U(3) D flavor symmetry, where U(3) Q acts on the SU(2) doublet quarks and U(3) U and U(3) D on the up and down-type singlet quarks. This symmetry is explicitly broken down to U(1) baryon number by the SM Yukawa couplings.
The characteristic vertex of quark flavored dark matter has the form shown in Fig. 1(a) . The corresponding terms in the Lagrangian take the schematic form
if dark matter couples to the SU(2) doublet quarks Q. Alternatively, if it couples to the SU(2) singlet up-type quarks U c , we have
This is easily generalized to the case where dark matter transforms under U(3) D .
Here the index A represents a U(3) Q flavor index while i is a U(3) U flavor index and a is a U(3) D flavor index. The mediator φ is now charged under both color and electromagnetism. For concreteness, in what follows we again take χ to be a Dirac fermion and φ to be a complex scalar, and restrict our focus to the cases where χ couples to the SU(2) singlet quarks U c or D c as in Eq. 20 and Eq. 21. The generalization to other cases is straightforward, and is left for future work.
Flavor Structure
Contributions to flavor violating processes, such as K −K mixing, arise at loop level through diagrams such as the one in Fig. 6 . The experimental bounds on flavor violation are satisfied if all the elements in λ < ∼ 10 −2 , for m φ ∼ 500 GeV. However, as in the lepton case, couplings of this size are by themselves too small to generate the correct abundance for χ, if it is to be a thermal relic. This is not necessarily a problem if χ has additional interactions with the SM, since these may set the relic abundance. However, if χ is a SM singlet and has no other sizable couplings, the elements in λ must be of order unity to generate the observed amount of dark matter. In this case the interaction matrix λ must be aligned with the SM Yukawa couplings if the flavor constraints are to be satisfied.
For the matrix λ to be naturally aligned with the SM Yukawa couplings this interaction must preserve, at least approximately, a larger subgroup of the SM flavor group than just baryon number. This constraint is satisfied if the couplings λ are consistent with MFV. In this framework, the only sources of flavor violation are the SM Yukawa couplings, and the matrix λ respects the SM flavor symmetries up to effects that arise from them. Consider first the case when dark matter couples to the up-type SU(2) singlet quarks U c as in Eq. 20. MFV can be realized if the dark matter flavor symmetry U(3) χ is identified with one of U(3) U , U(3) Q or U(3) D of the SM, and the matrix λ respects these symmetries up to effects arising from the SM Yukawa couplings. As in the lepton case, we will work to the leading non-trivial order in an expansion in powers of the SM Yukawa couplings.
The quark Yukawa couplings in the SM can be written asŷ
The up-type Yukawa matrix y can be thought of as a spurion transforming as (3,3, 1) under the SU(
while the down-type matrixŷ can be thought of as a spurion transforming as (3, 1, 3) . If U(3) χ is identified with U(3) U , MFV restricts the matrix λ to be of the form
while the mass term for χ becomes
As explained earlier, we are working to the leading non-trivial order in an expansion in powers of the SM Yukawa couplings. Since the top Yukawa coupling is large, the higher order terms are not guaranteed to be small. However, this will not qualitatively affect our conclusions. The crucial point is that the dark matter states that couple to the first two generations of SM quarks are nearly degenerate in mass, and the mixing between them and the state with top flavor is small, protecting against flavor violating processes. The physical dark matter particle is expected to be either up flavored or top flavored, depending on the sign of ∆m. If U(3) χ is identified with U(3) Q we have instead
The dark matter mass term now takes the form
While the first two flavors of χ are again quasi-degenerate in mass, their couplings to the SM are now hierarchical rather than universal. It is the smallness of the SM Yukawa couplings of the first two generations and their small mixing with the third generation that protects against flavor changing processes. If the coupling λ is to generate the correct relic abundance the physical dark matter particle must belong to the third, rather than the first generation. Finally, if U(3) χ is identified with U(3) D we have
and
Once again the first two flavors are very close in mass, and their couplings to the SM hierarchical. In order to give rise to the observed density of dark matter the lightest particle must be bottom flavored. We now turn our attention to the case where dark matter couples to the SU(2) singlet down-type quarks D c as in Eq. 21. MFV can be realized if the dark matter flavor symmetry U(3) χ is identified with one of U(3) D , U(3) Q or U(3) U of the SM. The corresponding formulas for the form of the coupling matrix λ and the dark matter mass may be obtained by simply interchanging y andŷ in the equations above. If U(3) χ is identified with U(3) D , the matrix λ is constrained to be of the form
while the dark matter mass term is now
We see that the states corresponding to the first two generations are quasi-degenerate in mass and couple universally to the SM, while the third generation can be somewhat split. This fact, together with the small mixing between the third flavor of dark matter and the first two allows flavor constraints to be satisfied. We expect that either the bottom or down flavor will constitute dark matter. If U(3) χ is instead identified with U(3) Q , we have
while the mass term is of the form
While the first two flavors are still nearly degenerate, the different flavors now couple to the SM hierarchically rather than universally. We expect that dark matter will be composed of third generation particles. Finally, if U(3) χ is identified with U(3) U these formulae become
Once again the first two flavors are very close in mass, and their couplings to the SM hierarchical. In order to give rise to the observed density of dark matter the lightest particle must be top flavored.
Relic Abundance
If the primary interaction of dark matter with the SM is through Eq. 20 or Eq. 21, then the relic abundance is set by t-channel annihilation to quarks. The calculation in this case mirrors that of the lepton flavored dark matter. In cases where the dominant annihilation mode is kinematically forbidden (e.g. for the top quark), three-body final states or loop-suppressed processes may dominate.
In the region of parameter space which gives rise to the observed relic abundance, constraints on flavor changing neutral current processes require that the interaction matrix λ be closely aligned with the quark Yukawa couplings. We therefore limit our analysis to the case where λ is consistent with MFV. Then, in the mass basis the dark matter candidate is associated with the flavor of the quark it couples to most strongly, and does not mix significantly with the other flavors. The relevant terms in the Lagrangian, written in Dirac 4-component notation, take the schematic form
Here χ represents the physical dark matter particle and q the corresponding quark. MFV ensures that the coupling matrix λ is flavor diagonal in the quark mass basis, allowing us to suppress flavor indices. In the limit that the masses of the final state quarks can be neglected, we find for the annihilation rate
The additional factor of 3 relative to the lepton case arises because of the three colors of quarks. If dark matter transforms under the SM SU(2) gauge interactions, other annihilation modes open up, and may play the dominant role in determining the relic abundance. We leave this possibility for future work.
Direct Detection
The direct detection signals of this class of models depend on the flavor of quark that the dark matter particle couples to, and on whether or not χ transforms under the SM SU (2) 
case where χ is a SM singlet. In the region of parameter space relevant to current direct detection experiments, the matrix λ is constrained by flavor bounds to be closely aligned with the SM Yukawa couplings. We therefore concentrate on the case where λ is consistent with MFV. The relevant terms in the Lagrangian are then again those in Eq. 35 . MFV suggests that the lightest state in the dark matter multiplet carries either the flavor of a first generation quark, or a third generation quark. The direct detection signals are very different in the two cases. If dark matter carries up or down flavor, it can scatter off quarks in the nucleus at tree level by exchanging the mediator φ as shown in Fig. 7 .
Starting from the interaction in Eq. 35 we can integrate out the field φ, leading to the effective operator
After Fierz rearrangement, this operator becomes,
The dominant contribution to direct detection comes from the spin-independent vector-vector coupling. The dark matter-nucleus cross section (at zero momentum transfer) in this case is given by [20] 
for dark matter coupling to up-type and down-type quarks respectively. Here µ represents the reduced mass of the dark matter-nucleus system, while Z and A are the atomic number and mass number of the nucleus. For a given value of λ, this cross section is much larger than in the leptonic case. In fact, as shown in Fig. 8 , the region of parameter space where χ can be a thermal relic is already excluded by direct detection experiments. We now move on to the case where the dark matter carries the flavor quantum numbers of third generation [15] . The green dashed curves signify the parameters for which we obtain correct relic abundance. quarks. The contribution arising from Fig. 7 is now suppressed by mixing angles, and is expected to be subdominant. There is a possible contribution to the cross section arising from the one loop diagrams shown in Fig. 9(a) , where χ scatters off gluons in the nucleus. However, it turns out that this is also not a significant effect. To understand why, we again integrate out the mediator φ at tree level to obtain the effective operator shown in Eq. 38. This operator allows dark matter to scatter off a pair of gluons through triangle diagrams involving quarks. In general both the vector and axial vector terms in Eq. 38 contribute to the cross section. However, the contribution from the vector term vanishes identically as a consequence of the charge conjugation symmetries of QCD and QED (Furry's theorem) [21, 22] . The axial vector interaction couples dark matter to gluonic operators that are parity odd rather than parity even [21, 23] . The parity symmetry of QCD can be used to show that the matrix elements of these operators in the nucleus are either spin-dependent or velocity suppressed in the non-relativistic limit, and therefore do not contribute significantly to dark matter scattering. Therefore, the dominant contribution to the cross section arises from one loop diagrams of the same form as in the lepton case, but now with the quarks running in the loop (Fig. 9 (b) ). The cross sections will be identical except for factors of color and charge. As before, we only use the charge-charge interaction to calculate the bounds.
where Q = 2 3 , − 1 3 for top and bottom quarks respectively, and m q is the mass of the quark in the loop. We see from Fig. 8 that the cross section corresponding to a thermal WIMP is within reach of current direct detection experiments.
When dark matter transforms non-trivially under the SM SU(2) symmetry, scattering processes via Z-boson exchange can give large direct detection signals. Consequently, these scenarios are expected to be severely constrained. However, if χ arises from a representation which does not transform under hypercharge, then it does not couple directly to the Z, and so this effect does not arise. Then the effects of loop diagrams involving W bosons [19] must be compared against the contribution above in order to determine the leading effect.
Collider Signals
The collider signals of this class of theories differ depending on whether the dark matter particle couples primarily to the third generation quarks, or to the quarks of the first two generations. We will restrict our discussion to the case where the couplings of χ are consistent with MFV. Our results can be extended to the more general case without difficulty. The mediators φ can be pair-produced at the LHC through QCD, and each will decay down to the dark matter particle either directly, or through a cascade. If the dark matter particle belongs to the third generation, at the partonic level each event is associated with two heavy flavor quarks and up to four light quarks. If, on the other hand, it belongs to the first generation, we expect between zero and four heavy flavor quarks in each event, along with two light quarks.
C. Dark Matter with Internal Flavor
Finally we consider the possibility that dark matter carries a new internal flavor quantum number that is distinct from either quark or lepton flavor, and does not couple directly to the SM matter fields at the renormalizable level. In this framework, the only possible direct interactions of χ with the SM fields at the renormalizable level are to the weak gauge bosons or to the Higgs as shown in Fig. 1(b) . These interactions do not generate large new sources of quark or lepton flavor violation. The direct detection signals are very similar to those of the corresponding theory where dark matter does not carry flavor.
These theories are closely related to those where new particles, such as a scalar boson φ or vector boson Z ′ , that have couplings of exactly the same form as in 1(b), mediate interactions between the SM matter fields and the dark matter sector. One important difference is that these can potentially give rise to SM flavor violating effects, if their couplings to the SM fields are off-diagonal.
In this scenario, the dark matter states corresponding to different flavors may be exactly degenerate, if the internal flavor symmetry is exact, or split, if the symmetry is broken. The collider phenomenology is highly sensitive to both the splitting between states, and to the particles produced when heavier states decay to lighter ones. The heavier particles in the dark matter multiplet can be pair produced through their couplings to the Z, the Higgs, φ or Z ′ , and can then decay down to the lightest state. The additional particles produced in these decays, if visible, together with missing energy, constitute the collider signatures. This is a natural framework for a hidden valley [24] where particles such as φ or Z ′ are the portal to the hidden sector. In this scenario, decays may be slow on collider time scales, giving rise to displaced vertices, since the couplings involved can be small in a technically natural way.
III. COLLIDER SIGNALS OF TAU FLAVORED DARK MATTER
In this section we discuss in detail the collider signals of a specific model in which the dark matter particle carries quantum numbers under tau flavor. For concreteness we assume that the dark matter particle is a Dirac fermion which is a singlet under weak interactions, and therefore does not transform under the SU(2) gauge interactions of the SM.
Dark matter couples directly to the SM through interactions of the form
where φ is the mediator, and χ e,µ,τ are the dark matter and its copies. This interaction fixes the SM quantum numbers of φ, which is charged under the photon and the Z, but does not couple to the W . For concreteness, we consider two benchmark spectra that are consistent with MFV, with χ transforming under U(3) E . Then χ e and χ µ are expected to be nearly degenerate since the corresponding SM Yukawa couplings are very small. We assume that χ τ is lighter than χ e or χ µ , and constitutes dark matter.
We label the first benchmark spectrum τ FDM1, The second benchmark spectrum we study has a lighter mediator, and therefore leads to a larger production cross section (see Fig 10) . We label this benchmark spectrum τ FDM2:
In these simple models, only the mediator φ carries SM gauge quantum numbers, so dark matter events at colliders must arise from φ + φ − production. The φ particles then decay, either directly or via cascade decays, into SM charged leptons and the dark matter particle. Therefore, the characteristic signature of this model is leptons+MET.
As discussed earlier, MFV restricts the matrix λ to be approximately proportional to identity. Consequently, we take the couplings of different dark matter flavors to SM to be equal, their common value set by the relic abundance requirement. Collider signals are insensitive to this value.
Since φ + φ − production proceeds through Drell-Yan and φ is a scalar, the φ pair comes out in a p-wave, leading to a small cross section, on the order of 10 fb at the 14 TeV LHC run. Therefore, we do not expect the early LHC data to be able to probe this model. In order to obtain reasonable signal over background discrimination, tens of inverse fb of data will be required.
A. Signal topologies
Signal events come in three distinct topologies (see Fig. 5 ). Each φ can decay directly into the dark matter particle and a τ , corresponding to a short chain. Alternatively, it can decay to one of the heavier particles in the dark matter multiplet, which eventually cascades down to the dark matter particle, creating a long chain.
Therefore each event can be categorized as comprising of short-short, short-long or long-long chains.
Since τ 's are difficult to identify, we implicitly restrict ourselves to ℓ = e, µ final states in this section when we talk about leptons. The events with the long-long decay chain topology have four-lepton final states (not to mention a pair of τ 's), which have small SM backgrounds. When χ is Majorana rather than Dirac, the short-long chain will also include a like-sign dilepton final state which is a very clean signal. The τ 's in the event could also decay leptonically, giving rise to additional leptons. However, these leptons are generally softer than the primary leptons. We focus on the long-long decay topology as the most promising channel.
In order to simulate signal and background events we use the usrmod utility of MadGraph/MadEvent [25, 26] , and we use BRIDGE [27] for the χ e,µ decays. Pythia [28] is used to simulate parton showers and hadronic physics, and PGS [29] with the default CMS parameter set is used to simulate detector effects.
B. Backgrounds
While four-lepton final states are rare in the SM, the signal cross section is also small so we carefully consider the three leading sources of backgrounds and devise cuts to reduce them as much as possible.
One of the dominant backgrounds is production of two opposite-sign, same-flavor lepton pairs from either onshell or off-shell Z's and photons. Any missing energy in this background arises from mis-measurement of lepton momenta, which is small. For the following contributions to this background, we choose the following cuts:
This is the dominant component in this background, which we reduce by imposing a Z-veto (described in the next subsection)
Even though the Z is onshell in this process, the Z-veto is not effective due to the presence of neutrinos in the final state. This contribution is small due to the leptonic τ branching ratios. The leptons arising from τ decays are also softer, which we reduce by demanding the leptons to be energetic.
• Z * /γ * → ℓ + ℓ − : While the off-shell production cross section is much smaller than on-shell production, this contribution is the main one that remains after the Z-veto and lepton energy cuts. We impose a missing energy cut to reduce this background component.
tt(Z/γ) ( * )
This background process, while it has a three-body final state, has a cross section comparable to the above process which is purely electroweak. When both tops decay leptonically and the (Z/γ) ( * ) goes to leptons, the final state is 4ℓ+jets+MET. The Z-veto reduces the onshell Z production, and we also impose a dijet veto (described in the next subsection) in order to reduce this background, since signal events will typically not have any hard jets.
This process is qualitatively similar to the above process, but has a much smaller production cross section because it is purely electroweak. On the other hand, there are no additional hard jets in these events, so they escape the dijet veto. Consequently, events which escape the Z-veto can fake the four-lepton signal very well. Demanding the leptons to be energetic and imposing the missing energy cut helps reduce this background.
Backgrounds with fakes
There are also backgrounds arising from jets that are misidentified as leptons. We find that provided the fake rates are of order 10 −3 or less, the irreducible backgrounds described above are the dominant ones.
C. Cuts
We use the following cut flow in order to maximize signal over background:
• Lepton cuts -We demand events with at least four leptons each with pT > 7 GeV. At least two of these leptons are further required to have E > 50 GeV.
• Dijet veto -We discard events with two or more jets of pT > 30 GeV each.
• Z veto -We veto events if the invariant mass of any Z-candidate (a pair of same-flavor and oppositecharge leptons) falls within 7 GeV of the Z mass. This is a tighter Z-veto than is usually used, but we find that the loss in signal efficiency is more than compensated for by the background reduction.
• Missing energy -We require at least 20 GeV of missing energy in each signal event. Since most backgrounds with high MET have already been eliminated by the previous cuts in the cut flow, we find that a mild threshold such as 20 GeV is sufficient. TABLE I: Signal and SM background event rates for processes yielding 4-lepton final states after each set of cuts is progressively applied (note that ℓ = e, µ). All numbers are reported for the 14 TeV LHC run and include detector effects.
D. Results
The signal and background events of each type that survive these cuts are listed in Table I . These results show that it is possible to discover the τ FDM2 benchmark above SM backgrounds at 5σ significance with about 20 fb −1 of data at the 14 TeV LHC run. A higher luminosity (∼ 40 fb −1 ) would be needed in order to distinguish the τ FDM1 benchmark from the SM background. Note that while we have based this expectation on statistical uncertainties only, we have been conservative in many other aspects. In particular, a requirement that each event have at least one τ candidate would virtually eliminate all remaining backgrounds while reducing the signal only moderately. Furthermore, one could do better than a pure counting experiment by taking into account the charge and flavor correlations present in the signal, which are different than the backgrounds in order to further increase sensitivity. We will indeed use this approach in the next section where we consider how the FDM model could be distinguished from more conventional DM models where the DM particle is a flavor singlet.
While ATLAS [30] and CMS [31] have already performed searches in multilepton final states, considering the low cross section of the FDM benchmark model, they
are not yet expected to have exclusion level sensitivity to this scenario.
IV. DISTINGUISHING τ FDM
Multi-lepton events with large missing energy are fairly common signals in theories with neutral stable particles and partners to the SM leptons, which include a variety of dark matter models. We would to like understand whether it is possible to distinguish at the LHC the model of τ FDM that we studied in the previous section from models with similar signatures but where the dark matter does not carry flavor quantum numbers. Clearly, this question is very difficult in general. Therefore, we focus on a more restricted question. We investigate whether it is possible to distinguish τ FDM from a specific 'strawman' model, where the dark matter does not carry flavor.
The strawman model we choose is related to supersymmetric theories where the bino constitutes dark matter. The form of the lepton-slepton-bino vertex is very similar to the defining vertex of a theory of lepton FDM, except that in the supersymmetric case it is the slepton that carries flavor, not the bino. The strawman model we choose therefore consists of the bino, which we label by χ, along with the three right-handed sleptons, E c i . The bino constitutes dark matter. To mimic the collider signals of τ FDM, we add to the strawman model an additional 'neutralino' χ ′ , which is heavier than the bino. χ ′ is an admixture of a SM SU(2) doublet and singlet, so that it can be pair-produced through the Z, and is chosen to couple to leptons and sleptons in a flavor-blind way. This interaction takes the schematic form
The couplings of χ ′ are somewhat different from those of a conventional neutralino in the MSSM, since any neutralino with significant couplings to the Z is expected to contain a significant Higgsino component, and the Higgsino does not couple universally to the different leptons. However, this simple strawman model captures the main features of theories where the dark matter does not carry flavor, while generating events which are very similar to those of τ FDM.
For simplicity, in what follows we assume that the three sleptons are degenerate in mass. In general, χ ′ could either be lighter than or heavier than the sleptons, while the bino is the lightest of the new states. Both χ ′ and χ are taken to be Majorana fermions as is the case in the MSSM.
Signal events in the τ FDM model involve four or more isolated leptons and missing energy. How does the strawman model generate similar events? The sleptons can be pair-produced in colliders. If they are heavier than χ ′ , this leads to events of the form shown in Fig. 11(a) , which involve six leptons, any or all of which could be taus. We label this possibility topology (a). Two χ ′ particles can also be pair-produced, leading to events of the form shown in Fig. 11(b) , which we label topology (b). These events involve four leptons, any or all of which could be taus.
How can we distinguish between signal events in the two classes of models? One possibility is to note that we expect exactly two taus in each signal event in the τ FDM model, whereas events in the strawman models will involve between zero and six. This could be a useful discriminant as the LHC experiments continue to improve their τ identification capabilities. Presently, we do not make use of this discriminant. We also do The FDM spectrum and the strawman spectra compared not assume that the total event rate will be a reliable variable for discrimination. Even though in principle the event rate can vary widely across different models, for the following analysis we simply scale the event rate from the strawman model to match the number of events from τ FDM and concentrate on ratios and asymmetries.
In particular, we focus on charge and flavor correlations among the final state leptons in the event. In Fig. 11 and Fig. 12 , we exhibit the correlation of flavor and charge among the final state leptons in signal events for the τ FDM model and the strawman model. The crucial observation is that, in the case of τ FDM, for the chosen spectrum, the two upstream leptons are also the hardest. This is likely to be the case for spectra motivated by MFV. These leptons are charge anti-correlated since they arise from the decay of the charged mediators φ. However, they have no flavor correlation, because the mediator does not carry flavor quantum numbers.
Contrast this with the strawman model. Consider first events associated with topology (a). If the mass of φ is much larger than that of χ ′ , the two upstream leptons in the event are the hardest. These exhibit charge anti-correlation, but are flavor correlated, in contrast to τ FDM. If, on the other hand, the mass of φ is close to that of χ ′ , two of the four downstream leptons will be the hardest. However, these exhibit no significant charge or flavor correlation, unlike τ FDM. What about events associated with topology (b)? Here the two hardest leptons are again charge and flavor uncorrelated. We conclude from this that the charge and flavor correlations are different in the two theories, and may allow them to be distinguished.
We generated signal events for the strawman model for three benchmark spectra, shown schematically in Fig. 13 , and compared the resulting charge and flavor correlations to those of τ FDM. In particular, the spectra we studied were the following.
Spectrum 1
We assume the masses of the sleptons to be the same as that of the mediator φ in τ FDM. The masses of χ ′ and χ are also chosen equal to the χ e,µ and χ τ mass respectively. Then,
This spectrum can clearly give rise to both topologies in Fig. 11 , but since the mass splitting between χ and χ ′ is small, events from topology (b) generally fail to pass the four-lepton cut requiring two leptons to have more than 50 GeV energy. Therefore, topology (a) dominates the phenomenology of this benchmark.
In this topology, the two most upstream leptons are also the hardest, and are flavor-correlated. The τ FDM leptons, as noted above, have no flavor correlation. Therefore, we expect that the flavor-correlation of the two hardest leptons is a good discriminant in this case. Spectrum 2 If the mass of the sleptons is less than the mass of χ ′ , then only the topology (b) is allowed. The decay of χ ′ is on-shell in this case.
The representative spectrum we study is,
In this case, the hardest leptons should exhibit neither charge nor flavor correlations, allowing us to distinguish it from τ FDM. Spectrum 3 Consider again the case when the mass of χ ′ is less than the mass of the sleptons. As noted in the case of Spectrum 1, when the mass of χ ′ is close to the mass of χ, topology (a) dominates. On the other hand, when the mass of the χ ′ is very close to the mass of sleptons, the most upstream leptons become softer, and topology (b) dominates. The conclusions in this case are then identical to those of Spectrum 2.
In the intermediate case, however, the result is a mixture of the two topologies. In order to investigate this we study a third spectrum,
GeV m e, µ, τ = 160 GeV In the next section we study the extent to which each of these spectra can be distinguished from τ FDM.
A. Comparison
The correlations we obtain are listed in Table II . The results are in agreement with our expectations. Events with topology (a) in Spectrum 1 clearly exhibit flavor correlation between the two hardest leptons, as expected for the upstream leptons created from (flavor-carrying) sleptons. τ FDM, on the other hand exhibits no flavor correlation in the hardest two leptons.
In all the fake spectra with topology (b), the two hardest leptons show no preferential charge assignment beyond the ratio of 1 : 2 for same to opposite charge, as expected from random charge assignment. Consequently these cases have a weaker charge anti-correlation than the τ FDM.
Events from topology (a) in Spectrum 3 fall in the middle, with somewhat significant charge anti-correlation, and a weak flavor correlation. While the correlation between charge and flavor is different from the τ FDM case, higher statistics might be needed in this case to make a precise distinction.
In Fig. 14 , we plot the flavor and charge asymmetries of the two hardest leptons, along with statistical error contours for the τ FDM1 model at the 14 TeV LHC run, with 100 fb −1 of integrated luminosity. The asymmetries for flavor and charge are defined as,
We see that with this amount of data, τ FDM can be distinguished from the strawman models at 2σ. Note that while we have relied only on the energies of the leptons to help us identify the topology of the event, this is just the simplest approach and can be extended with more sophisticated tools. For example, when applicable, the hemisphere algorithm [32] can distinguish particles arising from different decay chains, and has been 14: Flavor and charge asymmetry for different models and event topologies. We show 1σ (green) and 2σ (blue) contours for the τ FDM1 model at 100 fb −1 . The straight lines interpolate between points which correspond to different event topologies for each fake spectrum, in order to account for cases where both topologies contribute.
used widely for this purpose [33] [34] [35] . There have also been other techniques proposed to help identify event topologies [36, 37] . And clearly, one can make use of further ratios involving the softer leptons to obtain better discrimination between these models.
V. CONCLUSIONS
In conclusion, we have studied the direct detection and collider prospects of theories where the dark matter particle carries flavor quantum numbers, and has renormalizable contact interactions with the Standard Model fields. We have shown that the phenomenology of this scenario depends on whether dark matter carries lepton flavor, quark flavor or its own internal flavor quantum numbers. Each of these possibilities is associated with a characteristic type of vertex, leading to different predictions for direct detection experiments and to distinct collider signatures. In particular, assuming a coupling consistent with relic abundance considerations, we have shown that many of these models could be probed in the near future by upcoming direct detection experiments
We have studied in detail a class of models where dark matter carries tau flavor, where the collider signals include events with four or more isolated leptons and missing energy. We have performed a full simulation of the signal and SM backgrounds, including detector effects, and shown that in a significant part of the parameter space favored by MFV, these theories can be discovered above SM backgrounds at the 14 TeV LHC run. We have also shown that flavor and charge correlations among the final state leptons may allow models of this type to be distinguished from simple theories where the dark matter particle couples to leptons but does not carry flavor.
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Our approach will be to integrate out the mediator φ and the leptons l in the loop to obtain an effective vertex for the coupling of the dark matter particle χ to the photon. The resulting effective theory, which can be used to directly obtain the cross section, is valid provided the momentum transfer | k| in the process is smaller than the mass of the lepton in the loop. The momentum transfer in direct detection experiments is typically of order 10 -50 MeV, which implies that this procedure is valid if the lepton in the loop is the muon or the tau, but not if it is the electron. However, the final result can generalized to obtain an expression that is approximately valid for this case as well.
We first identify the operators that can potentially appear in the effective vertex. We begin by noting that the vertices in the diagrams in Fig. 15 do not by themselves violate CP symmetry. We therefore write down the leading effective operators that couple dark matter to the photon, and which are consistent with electromagnetic gauge invariance and CP . The lowest dimension operator consistent with these symmetries is unique. It is the dimension-5 dipole moment operator,
However, this operator does not actually appear in the effective theory. The underlying reason is that this operator breaks the chiral symmetry of the χ field. However, all the vertices and propagators in Fig. 15 respect this symmetry, while the mass term of χ, which breaks it, does not appear in the diagrams. This is most easily seen if we first integrate out just the heavy mediator φ and consider the resultant effective fourfermion operator,χ (1 + γ 5 )ℓl(1 − γ 5 )χ.
A Fierz rearrangement shows that this is equivalent to the operatorχ
which establishes that the dark matter coupling is indeed chiral. Hence, we do not generate the dipole interaction above after integrating out the lepton. As a consequence, the leading contribution to the DMnucleus scattering arises from dimension-6 operators. Again, gauge and CP symmetries, together with the chiral symmetry mentioned above, restrict us to the following two operators,
The factors of i in the definitions of these operators have been chosen so that their coefficients in the effective theory are necessarily real.
To calculate the coefficients of these operators in the effective theory we perform a matching calculation from the full theory to the effective theory, where the mediator φ and the lepton l have been integrated out. interaction. The dipole couples to both the charge of the nucleus and its magnetic dipole moment. The momentum-transfer dependence of each of these terms is different. The dipole-charge interaction is enhanced at low-momentum transfers due to the presence of the k α /k 2 factor. However, the coupling to the dipole moment of the nucleon involves an additional power of the momentum transfer k. Therefore the dipole-dipole interaction has no such enhancement and exhibits the same recoil spectrum as the charge-charge interaction up to form factors.
We show the three components of the scattering cross section: charge-charge (σ ZZ ), dipole-charge (σ DZ ) and dipole-dipole (σ DD ) [18, 38] . The differential scattering cross sections with respect to the recoil energy E r , are given as follows,
Here m N is the mass of the nucleus, v is the velocity of the dark matter particle. S nuc is the spin of the nucleus, µ nuc is the magnetic dipole moment of the nucleus, and F D (E r ) is the dipole moment form factor for the nucleus. The dipole-charge interaction is clearly enhanced at low momentum transfer.
These results are only valid for the muon and the tau. However, in the case of the electron, the only significant difference is that it is the scale associated with the momentum transfer in the process | k| that cuts off the logarithm in Eq. A15, and not the mass of the lepton m ℓ . In order to obtain approximate limits for the case of electron flavored dark matter it suffices to replace m ℓ in Eq. A15 by | k|. We choose | k| = 10 MeV as a reference value.
